Cholesterol analogs are often used to investigate lipid trafficking and membrane organization of native cholesterol. Here, the potential of various spin (doxyl moiety) and fluorescent (7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) group) labeled cholesterol analogs as well as of fluorescent cholestatrienol and the naturally occurring dehydroergosterol to mimic the unique properties of native cholesterol in lipid membranes was studied in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) membranes by electron paramagnetic resonance, nuclear magnetic resonance, and fluorescence spectroscopy. As cholesterol, all analogs undergo fluctuating motions of large amplitude parallel to the bilayer normal. Native cholesterol keeps a strict orientation in the membrane with the long axis parallel to the bilayer normal. Depending on the chemical modification or the position of the label, cholesterol analogs may adopt an "up-sidedown" orientation in the membrane or may even fluctuate between "upright" and up-side-down orientation by rotational motions about the short axis not typical for native cholesterol. Those analogs are not able to induce a comparable condensation of phospholipid membranes as known for native cholesterol revealed by 2 H nuclear magnetic resonance. However, cholesterol-induced lipid condensation is one of the key properties of native cholesterol, and, therefore, a well suited parameter to assess the potential of steroid analogs to mimic cholesterol. The study points to extreme caution when studying cholesterol behavior by the respective analogs. Among seven analogs investigated, only a spin-labeled cholesterol with the doxyl group at the end of the acyl chain and the fluorophore cholestatrienol mimic cholesterol satisfactorily. Dehydroergosterol has a similar upright orientation as cholesterol and could be used at low concentration (about 1 mol %), at which its lower potential to enhance lipid packing density does not perturb membrane organization.
Cholesterol constitutes a major component of mammalian cellular membranes. Its correct distribution among intracellular membranes and the plasma membrane is essential for the homeostasis of mammalian cells. Thus, intracellular trafficking plays a major role in the correct disposition of internalized cholesterol and in the regulation of cholesterol efflux (for a recent review, see Ref. 1). Furthermore, lateral and transbilayer organization of cholesterol in the plasma membrane determines membrane structure and dynamics. However, neither its intracellular pathways of trafficking nor its precise lateral organization, e.g. in cholesterol-enriched microdomains such as rafts (2) (3) (4) (5) (6) (7) (8) (9) , and transbilayer distribution between the two leaflets of biological membranes are well known.
To characterize intracellular trafficking and membrane organization of cholesterol, various fluorescent and spin-labeled cholesterol analogs have been employed bearing a probe group either at the polar end or at the short hydrocarbon chain of the molecule (10 -15) . Although spin-labeled analogs are useful for studying the bilayer organization and dynamics of cholesterol and its influence on membrane structure (15, 16) , fluorescent analogs provide a tool to study intracellular trafficking of cholesterol by microscopy techniques (14, 17) . However, bulky reporter groups may determine membrane properties of analogs. Therefore, steroid molecules of intrinsic fluorescence as dehydroergosterol (DHE) 1 or cholestatrienol (CTL) have become popular cholesterol analogs (14, (17) (18) (19) (20) (21) (22) (23) (24) . DHE is a naturally occurring sterol comprising up to 20% of the total sterol in yeast. Its fluorescent-conjugated triene system leaves the 3-␤-hydroxyl group and the alkyl tail of the cholesterol backbone unperturbed. Nevertheless, DHE differs from cholesterol in having three additional double bonds and an extra methyl group, whereas CTL has only two additional double bonds compared with native cholesterol. Indeed, modifications of the cholesterol backbone and/or the presence of a reporter group may cause differences in the physico-chemical properties and thus in the behavior of analogs as compared with natural cholesterol (1, 23, 25, 26) .
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of cholesterol, we have studied the behavior of a variety of those analogs (Fig. 1 ) in lipid membranes in comparison to native cholesterol. By using NMR, fluorescence, and EPR spectroscopy we investigated in particular the bilayer orientation and dynamics of analogs and their influence on membrane structure and lateral lipid organization. In particular, sterol-induced phospholipid condensation measured by 2 H NMR order parameters provides a common basis for the comparison of these analogs. Based on these data we can provide clear recommendations for the capacity of the various analogs to mimic natural cholesterol.
MATERIALS AND METHODS
The lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-d 31 -2-oleoyl-sn-glycero-3-phosphocholine (POPC-d 31 ) , and 25-{N-[(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-methyl]amino} -27-norcholesterol (25-NBD-cholesterol) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). 22-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-23,24-bisnor-5-cholen-3␤-ol (22-NBD-cholesterol) and 1-palmitoyl-2-[6-[(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]caproyl]-sn-glycero-3-phosphocholine (C6-NBD-PC) were from Molecular Probes (Leiden, The Netherlands). Ergosta-5,7,9(11), 22-tetraen-3␤-ol (DHE), 3-doxyl-17␤-hydroxy-5␣-cholestane (doxyl-androstane), and 3␤-doxyl-5␣-cholestane (doxyl-cholestane) were purchased from Sigma. 25-doxyl-cholesterol and cholesta-5,7,9,(11)-trien-3␤-ol (CTL) were synthesized as described in Refs. 16 and 31, respectively. Purity of CTL and DHE was checked using MALDI-TOF mass spectrometry. All cholesterol analogs are shown in Fig. 1 . The spin-labeled PC analog 1-palmitoyl-2-(4-doxylpentanoyl)-sn-glycero-3-phosphocholine (SL-PC) was synthesized as described in Ref. 32 .
For NMR measurements, mixtures of phospholipids and cholesterol analogs were prepared in chloroform. After evaporating the chloroform under a stream of nitrogen, the samples were redissolved in cyclohexane and lyophilized. Samples were hydrated to 40 wt % D 2 For fluorescence or EPR experiments, lipid mixtures containing the respective analog after evaporating the chloroform were hydrated in phosphate-buffered saline (150 mM NaCl, 5.8 mM Na 2 HPO 4 /NaH 2 PO 4 , pH 7.4), and large unilamellar vesicles (LUV) were prepared by the extrusion method (33) . 1 H MAS NMR spectra were acquired on a DRX600 NMR spectrometer (Bruker BioSpin GmbH, Rheinstetten) using a 4-mm high resolution MAS probe at a spinning speed of 10 kHz. Typical /2 pulse lengths were 8.5 s. T 1 relaxation times were measured using the inversion recovery pulse sequence with 13 delays between 1 ms and 4 s and a relaxation delay of 4 s. In case of spin-labeled analogs, due to the unpaired electron of the doxyl group a fast paramagnetic relaxation mechanism is introduced and the total relaxation rate R 1 ϭ 1/T 1 is the sum of paramagnetic (R 1,p ) and dipolar relaxation rate (R 1,d ). After measuring R 1,d from a sample of pure POPC, R 1,p can be easily determined for each molecular segment of POPC from the total relaxation rate R 1 . Two-dimensional 1 H MAS NOESY experiments of the sterol/ POPC sample were carried out at various mixing times. Cross-peak volumes were integrated and NOE build-up curves were fitted to the spin pair model yielding cross-relaxation rates ( ij ) as described in Ref. 34 .
2 H NMR spectra were recorded on a Bruker DRX300 NMR spectrometer at a resonance frequency of 46.1 MHz for 2 H using a solids probe with a 5-mm solenoid coil. The 2 H NMR spectra were accumulated using the quadrupolar echo sequence and a relaxation delay of 500 ms. The two 4.8 s /2 pulses were separated by a 100 s delay. 2 H NMR spectra were depaked and order parameters for each methylene group in the chain were determined as described in detail in Ref. 35 . All NMR spectra were acquired at a temperature of 30°C.
For the reduction measurements of fluorescent and spin-labeled steroid analogs, LUV (lipid concentration 5 mM) containing NBD-labeled (2.5 M) or spin-labeled (100 M) analogues were mixed with dithionite (25 or 50 mM) or ascorbic acid (17 mM), respectively. Subsequently, the time-dependent evolution of signal intensities of fluorescence at 4°C or of EPR at 30°C (as taken from the height of the midfield peak) were followed. The signal intensities were related to the respective intensities before adding the reducing substance. Measurements were performed at an Aminco-Bowman Series 2 fluorescence spectrometer (Urbana, IL) and at a Bruker ECS 106 EPR spectrometer, respectively.
POPC, POPC/DHE, and POPC/CTL samples were checked for lipid oxidation over a time course of 24 h after preparation using MALDI-TOF mass spectrometry (36) . No significant oxidation products were detected.
RESULTS

Transverse Distribution of Cholesterol Analogs in Mem-
branes-To evaluate the potential of various analogs to mimic natural cholesterol first their orientation and transverse distribution along the membrane normal was determined and compared with native cholesterol. It is known that cholesterol molecules assume an upright position in the membrane with the polar OH group facing the aqueous phase (37) . Due to the high mobility in the liquid crystalline phase, a distribution of the steroid parallel to the membrane normal has been observed and attributed to out of plane motions for the sterol (38) . In the current study, the width of this distribution was determined by 1 H MAS NOESY. Intermolecular cross-relaxation rates between cholesterol and phospholipid segments provide a measure for the strength of the interaction between molecular segments (39) . As shown recently, the effects of spin diffusion do not contribute to the cross-relaxation process in liquid-crystalline membranes (40) .
A characteristic NMR signal of the cholesterol moiety is the methyl group at carbon position C-18 (see Fig. 1 ). Quantitative analysis of the cholesterol-lipid cross-peaks, therefore, provides a measure of the interaction strength of the C-18 methyl protons with lipid segments and thus of the transverse distribution profile of the sterol in the membrane leaflet. In Fig. 2A , the cross-relaxation rates of these protons with various phospholipid segments are plotted. There is an interaction of the C-18 methyl group only with the phospholipid chains, indicating a transverse distribution of the molecule. The width of the distribution indicates relatively large fluctuations of cholesterol parallel to the bilayer normal. Such a broad distribution is in good agreement with the amplitude of out of plane motions of
FIG. 1. Chemical structure of the cholesterol analogs used in this study: native cholesterol (A), SL-cholestane (B), SL-cholesterol (C), SL-androstane (D), 22-NBD-cholesterol (E), 25-NBDcholesterol (F), CTL (G), and DHE (H).
On molecules A, G, and H, the methyl group at carbon position C-18, which is used for 1 H NOESY measurements is marked with an asterisk.
cholesterol of ϳ10 Å measured by neutron diffraction (38) .
For comparison, the distribution of DHE and CTL in POPC bilayers are also shown in Fig. 2 , B and C. As for cholesterol, similar patterns of cross-relaxation rates only with the phospholipid chains are observed, suggesting that both DHE and CTL are embedded similarly in the POPC bilayer.
Next, we investigated the orientation and distribution of three doxyl-labeled cholesterol analogs in the membrane. Unpaired electrons as present in the nitroxide spin labels introduce a fast paramagnetic relaxation mechanism that dominates all other interactions. As with cross-relaxation rates, the paramagnetic relaxation rates can be interpreted as contact probabilities between the doxyl group and various lipid segments (41). In Fig. 2 , D-F, paramagnetic relaxation rates for SL-androstane (D), SL-cholestane (E), and SL-cholesterol (F) are plotted. For all three SL analogs a broad distribution of the doxyl groups around their average position is found reflecting their high mobility in the membrane. Even contacts of the doxyl group with the phospholipid headgroups and the chain termini are observed, indicating also a high degree of molecular disorder in the phospholipid membrane.
The distribution of the doxyl group of SL-androstane (Fig.  2D ) has a broad maximum in the lower region of the phospholipid chain, whereas the probability of the probe to be in the glycerol/headgroup region is smaller. This suggests that the molecule faces the membrane interior with the doxyl group and the aqueous phase with the OH group, which places the ring system of SL-androstane exactly opposite to natural cholesterol. From the width of the distribution a highly dynamic reorientation can be concluded, which may include even rotations of the molecule within one membrane leaflet (perpendicular to the membrane normal) as suggested in Ref. 16 .
The doxyl group of SL-cholestane (Fig. 2E) is also broadly distributed with its maximum in the lipid/water interface (upper chain/glycerol/headgroup region) of the membrane. Thus, the orientation of SL-cholestane in the membrane resembles that of native cholesterol, but the width of the distribution suggests a more dynamic reorientation of the analog.
For SL-cholesterol ( Fig. 2F ) a much sharper distribution of the doxyl group is observed with a maximum at the chain termini of the phospholipids. This is very similar to the orientation of the native cholesterol molecule. The probability for an unusual up-side-down orientation is very small.
To corroborate these results, we carried out EPR reduction experiments measuring the accessibility of the water soluble ascorbate toward spin-labeled cholesterol analogs. For reference, the ascorbate-mediated reduction of the spin label moiety of the phospholipid analog SL-PC was assessed. The label moiety of this analog linked to the short fatty acid chain is localized at the polar head group region allowing a rapid reduction by ascorbate (42) . Indeed, we found a rapid reduction of SL-PC localized in the external membrane leaflet (Fig. 3A) . Because ascorbate does not partition into the hydrophobic phase, and the transbilayer movement of SL-PC is very slow (43) , analogs in the inner leaflet are shielded from reduction, therefore, only 50% of the label is reduced. Consistently, the rapid reduction of their EPR signal intensity of SL-androstane and SL-cholestane after addition of ascorbate underlines the preferential orientation of the label moiety in the lipid/water interface observed by NMR. The complete loss of signal intensity observed can be explained either by a preferential localization of the analogs in the outer membrane leaflet or by their rapid transbilayer movement. However, there is no reason to assume that the analogs are enriched in the outer leaflet. Numerous studies have given indications for a rapid translocation of cholesterol across membranes on the time scale of seconds or minutes even at 4°C (15, 44 -46) . In contrast to cholestane and androstane, we observed only a slight reduction of signal intensity of SL-cholesterol, which provides independent evidence for a localization of its doxyl group in the membrane interior and its cholesterol like orientation.
Using a similar approach, i.e. by measuring the kinetics of dithionite-mediated quenching of NBD fluorescence at 30°C, we determined the orientation of the NBD moiety of 22-NBDcholesterol and 25-NBD-cholesterol in POPC-LUV (Fig. 3B) . For reference, we also measured the reduction of C6-NBD-PC fluorescence by dithionite. As it was previously shown the short fatty acid residue of the analog bearing the NBD group loops back to the membrane surface (47, 48) . Thereby the NBD group is exposed to the lipid/water interface and thus easily accessible to dithionite as demonstrated by the rapid reduction of C6-NBD-PC in the external membrane leaflet (Fig. 3B, line b) . Because of the slow transbilayer movement of C6-NBD-PC and the negligible permeation of dithionite across the membrane, analogs in the inner leaflet are efficiently shielded from reduction.
For 22-NBD-cholesterol we observed a rapid and complete decline of fluorescence intensity upon addition of dithionite (Fig. 3B , line d) even at 4°C (Fig. 3B, line c) . This indicates that (i) the NBD moiety is preferentially localized in the polar interface and (ii) the analog has a high transbilayer mobility. A similar rapid reduction by dithionite was observed for 25-NBDcholesterol (data not shown).
These results show that the orientation and the motion parallel to the membrane normal vary significantly between cholesterol analogs. Out of the seven analogs investigated, four molecules (SL-cholestane, SL-cholesterol, CTL, and DHE) are embedded into membranes with a similar orientation as natural cholesterol. SL-androstane and the NBD-labeled cholesterol analogs exhibit an up-side-down orientation in the membrane and, therefore, are not well suited as analogs for cholesterol.
Lipid Condensation in POPC/Cholesterol Analog Membranes-To further explore the potential of fluorescent or spinlabeled cholesterol analogs to mimic native cholesterol we studied packing properties of phospholipid/cholesterol analog mixtures. It is well known that cholesterol condenses lipid bilayers by reducing the area per phospholipid molecule in the membrane and increasing chain order parameters (35, 49, 50) . This effect has been attributed to favorable van der Waals interactions between the steroid ring system and saturated phospholipid acyl chains (51) . Because lipid condensation is a very unique property of cholesterol and strongly attenuated for other sterols (52), it is a valuable parameter to assess whether or not an analog has the same properties as native cholesterol.
Individual order parameters along the lipid chains can be calculated from the quadrupolar splittings of 2 H NMR spectra of chain perdeuterated lipid molecules. In Fig. 4 , order parameters for the palmitoyl chain in POPC in the absence and in the presence of 10 and 20 mol % cholesterol are plotted (black symbols). It is evident that the lipid chain order increases with increasing cholesterol concentration. In general, POPC chain order parameters in the presence of 20 mol % of the respective spin-labeled (Fig. 4A ) and fluorescent cholesterol analogs (Fig.  4B ) indicate a lower lipid condensation than for native cholesterol. Only for SL-cholesterol and CTL, lipid condensation is rather similar to that of cholesterol. At 20 mol %, DHE induces a lipid chain ordering comparable with less than 10 mol % cholesterol, whereas other analogs show an effect on the order of or less than that of 5 mol % cholesterol.
The same conclusion on the lipid condensing effect can be derived from plotting the data as the average order parameter of POPC bilayers (Fig. 5) . The parameter correlates linearly with the concentration of cholesterol in the studied range from 0 to 20 mol %. For all analogs, the average order parameter is lower than that of native cholesterol as measured at 20 mol %. Assuming a linear relation between average order parameter and molar content of native cholesterol, the cholesterol concentration that has the same lipid condensation effect as 20 mol % of the respective analog can be calculated. Results given in Lipid Condensation in POPC/Cholesterol/DHE MembranesAlthough we found a reduced potential of DHE to condense lipid bilayers, in the light of the useful properties of this analog for studying lipid trafficking we addressed whether DHE perturbs lipid condensation at concentrations typically used in those trafficking studies. Because fluorescence spectroscopy is a very sensitive method, only small concentrations of the label are necessary (typically about 1 mol % of the total lipids or even less). Therefore, we investigated lipid packing properties in POPC/cholesterol/DHE membranes at those low DHE concentrations. In Fig. 6 , the average order parameter of POPC membranes is shown as a function of DHE concentration at a constant total sterol concentration of 20 mol % (cholesterol plus DHE). Within the experimental error, small concentrations of DHE have no influence on the lipid packing properties.
DISCUSSION
In our study, we compared the physico-chemical properties of various fluorescent and spin-labeled cholesterol analogs in lipid membranes with those of natural cholesterol. As is clearly shown, analogs differ significantly in their capacity to reflect the molecular topology, dynamics, and lipid-packing properties of natural cholesterol. Deviations from the behavior of cholesterol depend on the label moiety and its position on the steroid backbone as well as on the structure of the steroid backbone. Based on our approach, selection of appropriate analogs to study (intra)cellular trafficking and membrane organization of cholesterol can be achieved.
Sterol-induced Lipid Condensation
Varies between the Analogs-Phospholipid condensation is a very specific effect of cholesterol. In particular, favorable van der Waals interactions of cholesterol with saturated chains lead to a strong increase of chain order accompanied by an extension of the lipid acyl chains and a reduction in lipid cross-sectional area and packing density in the membrane (51) . Membranes of unsaturated lipids show a reduced area condensation in the presence of cholesterol (35) . Therefore, measurements of cholesterol analoginduced lipid condensation by 2 H NMR provide a precise and useful basis for the comparison and selection of appropriate cholesterol analogs.
Compared with cholesterol, only attenuated condensation has been observed for other naturally occurring sterols such as plant, yeast, or fungi sterols as well as their precursors (52) (53) (54) . This is confirmed by our study on cholesterol analogs. None of the analogs produced a similarly strong lipid condensation as native cholesterol (Fig. 5) . In terms of lipid condensation, SLcholesterol and CTL are the most useful analogs of native cholesterol. Even though the bulky doxyl group supposedly disturbs lipid packing, SL-cholesterol has a strong potential to condense lipids. Both the orientation and the transverse dynamics of the analog in the membrane resemble those of natural cholesterol (see below). Because the doxyl group is inserted very deeply into the membrane, it can occupy some free volume, whereas the steroid ring system stabilizes lipid chains by van der Waals interactions. However, the presence of the doxyl group prevents stronger lipid condensation due to the packing imperfections.
In contrast, lipid condensation by SL-androstane and SLcholestane is very low. Cholesterol and SL-cholestane differ by one double bond and the headgroup. The upright membrane orientation of the analog molecule places the bulky doxyl group in the lipid water interface of the membrane thereby preventing an increase in packing density. A similar mechanism accounts for the failure of SL-androstane to increase the lipid packing density because the location of the bulky doxyl group in the middle/lower chain region prevents lipid condensation. Consequently, these molecules experience more motional freedom in the bilayer compared with natural cholesterol (see below).
Similar to SL-androstane and SL-cholestane, the preferential localization of the charged and bulky NBD group of 22-and 25-NBD-cholesterol in the lipid water interface of the membrane separates lipid molecules laterally like a spacer, which lowers lipid chain order (48) or allows quick reorientation of the analogs in the bilayer. Accordingly, only a negligible lipid area condensation is measured for both molecules because the structural prerequisites for favorable van der Waals interactions are not fulfilled anymore.
CTL is the fluorescent cholesterol analog that mimics native cholesterol the best. However, the presence of just two double bonds in the ring structure of the molecule led to attenuated phospholipid condensation (Table I ). This is in slight contrast to a monolayer and EPR study in which CTL was reported to produce the same POPC condensation as native cholesterol (30) . However, we note that the direct 2 H NMR measurement of the POPC chain order parameter represents a more direct and more precise approach than monolayer measurements or order parameters of doxyl-labeled free fatty acids. It has been noted before that the presence of additional double bonds in the sterol ring structure severely alters sterol lipid interactions (25, 26) . Apparently, these modifications influence the van der Waals interactions between lipid chains and the sterol. Additional modifications of DHE such as the methyl group and the additional double bond in the chain region lead to further alterations of the lipid sterol interactions. At the moment it is not clear what exactly causes the specificity for interactions be- tween cholesterol and lipid chains. Nevertheless, for DHE molecular modeling shows that the double bond in the chain of DHE causes kinks of phospholipid chains that may be responsible for the imperfect packing with lipids.
However, by investigating packing properties of POPC/cholesterol membranes in the presence of low DHE concentrations (about 1 mol %), the cholesterol-induced lipid packing is not significantly affected by DHE. Therefore, at the low DHE concentrations that are typically used to study, e.g. cholesterol trafficking in cells (14, 17) , negligible perturbations of (sub)cellular membranes should be expected.
Cholesterol Analogs Differ in Their Membrane OrientationNot only the lipid condensation of cholesterol analogs differs, some analogs show an unusual orientation in the lipid membrane. Because of its partially polar nature, cholesterol is embedded in the membrane with the hydrophilic OH headgroup facing the aqueous phase and with the acyl chain pointing toward the bilayer center for favorable hydrophilic and hydrophobic interactions (37) . This orientation could be dramatically affected by the chemical nature of the analog. Although CTL, DHE, SL-cholestane, and SL-cholesterol are orientated upright like cholesterol, SL-androstane, 22-NBD-cholesterol, and 25-NBD-cholesterol show an up-side-down orientation in the membrane.
The additional double bonds of CTL and tail modifications of DHE with respect to cholesterol do not affect the dominating role of the polar hydroxyl group in determining the orientation in the membrane. For SL-cholesterol, the doxyl group is a rather bulky moiety with a volume of 142 Å 3 representing a significant modification of the sterol molecule. Nevertheless, replacing the two terminal methyl groups of cholesterol (each has a volume of 54 Å 3 ) by the doxyl group in SL-cholesterol does not alter the upright orientation of the analog in the membrane because of the hydrophobic properties of the doxyl group. The upright orientation is also preserved upon replacing the OH headgroup by the doxyl moiety as in SL-cholestane. However, the molecule is localized somewhat deeper in the membrane reflecting the less polar properties of the doxyl group.
For SL-androstane, the effect of structural differences with respect to native cholesterol are more severe. The OH headgroup is replaced by the doxyl moiety and the lipid chain by a hydroxyl group. Thus, the polar center of the molecule is shifted to the opposite side of the steroid ring, which is the driving force for the up-side-down orientation in the membrane. For the NBD-cholesterol analogs, an up-side-down orientation in the membrane was also found. This is explained by the charged NBD group, which is more polar than the OH moiety and, therefore, has a high propensity toward the aqueous environment. Indeed, it has been shown that the NBD group has a strong preference for the lipid-water interface of the membrane. When attached to the acyl chain of a phospholipid analog, a looping back of this entire chain is caused such that the NBD moiety has access to the aqueous phase (47, 48) . In contrast to our results, it has been reported that the fluorescent group of 22-NBD-cholesterol is actually more deeply buried within the bilayer (47) . If this is correct, it seems likely that the NBD groups would be moving to the membrane surface with a sufficient frequency for rapid dithionite reduction. This would imply a high mobility of the NBD-cholesterol analogs that explains why these analogs only very weakly condense lipid bilayers.
The Motion in the Membrane Varies between the AnalogsLiquid crystalline membranes are composed of very flexible and highly dynamic lipid molecules (39, 56) . Accordingly, cholesterol molecules are also subject to various types of motions (57) . In particular, transverse motions of large amplitude have been observed for cholesterol by neutron scattering data (38) . Therefore, the location of cholesterol segments parallel to the membrane normal is best described by broad distribution functions. The distribution of (i) doxyl groups covalently attached to the sterol backbone or (ii) the C-18 methyl group of fluorescent analogs was determined by (cross-)relaxation rate analysis. Because the cholesterol analogs are relatively rigid molecules these distribution profiles determined from a single point on the molecules provide a measure for the amplitude of the transverse cholesterol motions. Although the anisotropic motions of cholesterol are rather complex (22, 55, 57) , from the different transverse motions the suitability of a given cholesterol analog can be assessed.
We found cholesterol as well as all analogs to undergo transverse motions of large amplitude in the membrane. For SLcholesterol, CTL, and DHE, the probability for an up-side-down membrane topology is rather low. However, although SL-androstane and SL-cholestane show a preferred membrane orientation, they may also experience other topologies by rotation perpendicular to the membrane normal. The different probability for rotation might be related to the fact that SL-cholesterol, CTL, and DHE condense lipid bilayers, thereby increasing the lipid packing density, which in turn confines the molecules almost exclusively to the most favorable energetic (upright) orientation. In contrast, SL-androstane and SL-cholestane only negligibly order lipid chains, which gives these molecules more motional freedom to adopt different orientations. It has been suggested that SL-androstane may undergo rotational motions within one membrane leaflet (16) .
CONCLUSIONS
Our approach of assessing physico-chemical properties of various steroid analogs in membranes provides a basis for selection of appropriate analogs to characterize membrane behavior and cellular trafficking of native cholesterol. SL-cholesterol and CTL prove to be very useful in studying orientation, motion, and protein-lipid as well as lipid-lipid interaction of cholesterol in membranes. With regard to native cholesterol, these analogs have a very similar membrane topology and dynamics, and compare relatively well in terms of lipid condensation. The commercially available DHE may also provide a helpful analog because its membrane orientation and dynamics are similar to that of cholesterol. However, because its capacity to condense lipid bilayers is much lower, it should replace only a small fraction of the natural cholesterol. In that case, the perturbation of membrane structure can be neglected. All other analogs should be used with caution. Our approach clearly shows that they do not qualify to specifically mimic the molecular behavior of native cholesterol. Regardless of structural similarities between the different steroids, cholesterol-lipid interactions appear to be very specific and unique. To find appropriate cholesterol analogs for structural and functional studies by EPR and fluorescence spectroscopy is challenging. It may even turn out that specific questions require other analogs/approaches, e.g. the use of isotopically labeled cholesterol molecules.
